ABSTRACT Military combat helmets protect the wearer from a variety of battlefield threats, including projectiles. Helmet back-face deformation (BFD) is the result of the helmet defeating a projectile and deforming inward. Back-face deformation can result in localized blunt impacts to the head. A method was developed to investigate skull injury due to BFD behind-armor blunt trauma. A representative impactor was designed from the BFD profiles of modern combat helmets subjected to ballistic impacts. Three post-mortem human subject head specimens were each impacted using the representative impactor at three anatomical regions (frontal bone, right/left temporo-parietal regions) using a pneumatic projectile launcher. Thirty-six impacts were conducted at energy levels between 5 J and 25 J. Fractures were detected in two specimens. Two of the specimens experienced temporo-parietal fractures while the third specimen experienced no fractures. Biomechanical metrics, including impactor acceleration, were obtained for all tests. The work presented herein describes initial research utilizing a test method enabling the collection of dynamic exposure and biomechanical response data for the skull at the BFD-head interface.
INTRODUCTION
Modern military combat helmets are designed to provide a level of protection against penetrating head trauma from ballistic projectiles (shrapnel, bullets, etc.). Combat helmets protect the wearer from ballistic projectiles by absorbing the projectile's energy through deformation of the helmet shell's constituent materials and fracturing of the matrix used to bond the constituent materials together. The deformation of the helmet shell results in projectiles being "caught" by the helmet. As the helmet defeats the ballistic projectile, the helmet locally deforms inward toward the wearer's head. The described phenomenon is known as back-face deformation (BFD).
Due to the limited stand-off distance between the interior surface of the helmet and the head, BFD can result in high-rate localized blunt impacts to the head, potentially inducing localized skull fracture. Currently, BFD in combat helmets is assessed using live fire ballistic testing. 1 A modified National Institute of Justice (NIJ) ballistic headform is filled with clay, fitted with a helmet, and impacted using a 9 mm projectile. [1] [2] [3] The depth of the resulting clay deformation is measured and compared to a threshold of 25.4 mm for the front and back impact sites and 16 mm for the side and crown impact sites. 1, 3 The clay deformation threshold has no medical basis and is not associated with any type or risk of injury. 3 A medically based pass-fail criterion for helmet BFD is needed to ensure proper Service Member protection; however, research into the effects of behind-armor blunt-trauma (BABT) to the head has received limited investigation. Early research focused on the effects of armor stand-off distance from the head. Sarron et al 4 shot 16.3 mm steel balls into flat aluminum plates, 12.3 mm thick, that were offset from dry human skulls by a distance of 10 mm. Impacts were focused on the frontal bone, parietal bone, and vertex of the skull. 4 In a follow-on study, Sarron et al 5 investigated the effect of armor stand-off distance on skull fracture incidence. Standard 9 mm projectiles were shot at armor-simulating plates, 9 mm thick, placed between 12 mm and 15 mm stand-off distance from the right parietal bone of dry human skulls. 5 Nine fresh-frozen post-mortem human subject (PMHS) head specimens also were tested with varying armorsimulating plates at stand-off distances varying from 0 mm to 8 mm. 5 Fracture severity was shown to be indirectly proportional to stand-off distance, and the authors suggested a minimum stand-off distance of 12.7 mm would help limit head injuries. 5 The most applicable injury research conducted to date on BFD injuries of combat helmets was conducted using nine The opinions, interpretations, conclusions, and recommendations are those of the presenter and are not necessarily endorsed by the U.S. Army and/or the U.S. Department of Defense. Citation of trade names in this presentation does not constitute an official Department of the Army endorsement or approval of the use of such commercial items. Research involved "sensitive use of human cadavers" as determined by the MRMC Office of Research Protections. Per the Army Cadaver Policy, dated 20APR2012, the term "sensitive uses" of cadavers means RDT&E, education or training activities that involve exposing cadavers to impacts, blasts, ballistics testing, crash testing, and other destructive forces. In conducting research using human cadavers, the investigator(s) adhered to the Army Policy fresh-frozen PMHS head specimens fitted with ultra-high molecular weight polyethylene (UHMWPE) helmets. 6 Each specimen was fitted to ensure a nominal stand-off distance of 12.7 mm, and the parietal region was impacted with a 9 mm projectile. 6 Recently, Rafaels et al 7 documented the results from seven of these PMHS specimens in detail. Fracture patterns due to helmet BFD were defined as causing localized depressed fractures at the point of contact with linear fractures appearing distal to the impact site. 7 Biomechanical investigations of BABT due to helmet BFD have reported projectile velocity, projectile energy, and impact pressure as the primary metrics associated with skull fracture and injury. [4] [5] [6] [7] From the collected metrics, Bass et al 6 was able to suggest injury criteria based on muzzle velocity and impact pressure. Force and deformation metrics commonly used in assessing fracture tolerance and development of injury criteria have not been determined due to limitations in the measurement of biomechanical metrics at the BFD-head interface. Force and deformation have been investigated in previous studies focusing on skull fracture due to non-lethal munitions; 8, 9 however, these results might not be applicable due to the differences in the impact shape profile that has been associated with differences in fracture force. 10 The present study aims to develop a test method that will be used to generate medically based human skull fracture criteria for localized blunt impacts to the skull for use in assessing injuries from helmet BFD. By replicating the geometry of the BFD at the point of contact with the skull, the need for a helmeted test surrogate is eliminated. Without the obstruction of a helmet, additional engineering metrics (i.e., acceleration, force, and deformation) are able to be investigated. These metrics can be used in the determination of fracture tolerance thresholds and development of medically based standards for helmet developers.
METHODS
A modified National Operating Committee on Standards for Athletic Equipment (NOCSAE) projectile system (Southern Research Impact Center, LLC, Rockford, TN) was used to conduct all high-rate blunt impacts in the test series. The projectile launcher (Fig. 1A) consists of an accumulator tank connected to a 63.5 mm inner diameter stainless-steel barrel through a fast-opening solenoid valve. Projectiles are loaded into the open end of the barrel and tamped against the breach end to ensure they are seated flush against the valve opening. When triggered, the solenoid valve dumps the high pressure air from the accumulator tank into the barrel, propelling the projectile down the length of the barrel into the test chamber. The test chamber is enclosed in clear polycarbonate panels allowing for video documentation and to provide a washable, non-porous surface.
A representative impactor was designed to be launched from the projectile launcher system for this test series. The impactor was manufactured out of acrylonitrile butadiene styrene plastic through 3D printing and consisted of two parts: a body section, with a tail, and an impactor head (Fig. 1B) . The impactor head was designed to replicate the geometry of a helmet BFD profile at a shell deformation of 12.7 mm. The standoff distance was consistent with previously reported research. 6, 7 The Army Research Laboratory's Survivability / Lethality Analysis Directorate mapped the interior surface geometries of helmets impacted by projectiles using a digital image correlation technique described by Hisley et al. 11 Back-face deformation geometries were provided to the U.S. Army Aeromedical Research Laboratory's Injury Biomechanics Division and used to design the impactor head. The resulting impactor head profile had a 38.1 mm radius of curvature. Both the projectile body and head were designed to fit tightly together affixed with screws. The impactor head was instrumented with three 20,000 G single-axis accelerometers (PCB Piezotronics, Depew, NY, USA) mounted beneath a SLICE Nano data acquisition system (Diversified Technical Systems, Inc., Seal Beach, CA, USA) allowing for on-board data collection. The instrumented impactor had a total mass of 0.124 kg. Impactor instrumentation was verified by mounting a Facial and Ocular CountermeasUres for Safety (FOCUS) headform (Humanetics Innovative Solutions, Plymouth, MI, USA) inside the projectile system test chamber and impacting the frontal bone load cells. Calculated impactor force was compared to the measured force recorded in the headform load cells.
Three fresh-frozen, male PMHS head and neck specimens (mean age: 63.3 yr; age range: 53-71 yr) were obtained for this study in collaboration with the University of Virginia, Center for Applied Biomechanics (Table I ). The study was conducted in accordance with U.S. Army Cadaver Policy 12 and was approved by the U.S. Army Medical Research and Materiel Command Office of Research Protections. Specimens were imaged using computed tomography (CT) upon acceptance to ensure no pre-existing bone fractures or abnormalities were present prior to testing. Specimens were stored at −20°C before thawing at room temperature. Pre-instrumentation dissection was conducted to remove the neck and excess tissue and to evacuate the cranial cavity. A 20% ballistics gelatin mixture (Clear Ballistics LLC, Fort Smith, AR, USA) was used to fill the cranial cavity and sealed at the foramen magnum using a polyester resin (Bondo, 3 M, St. Paul, MN, USA). Specimens were fixed to a steel plate using self-taping screws, to allow for mounting to a Hybrid III neck (Humanetics Innovative Solutions, Plymouth, MI, USA) in the test apparatus. An acoustic emission sensor (MISTRAS Group Inc, Princeton Junction, NJ, USA) was secured to the skull apex using a cyanoacrylate adhesive. Uniaxial strain gages (Vishay Precision Group, Inc, Raleigh, NC, USA) were secured superior and posterior to each impact site. Instrumentation placement was documented using CT imaging before testing.
Specimens were mounted in the projectile launcher test chamber and positioned so that the anatomical region of interest was perpendicular to the barrel. Three anatomical regions were impacted with the representative impactor for each specimen: frontal bone, right temporo-parietal region, and left temporoparietal region. Frontal bone impacts were centered approximately 50 mm above the bridge of the nose. Temporo-parietal impacts were centered in the vicinity of the squamosal suture joining the temporal and parietal bone. Impacts were conducted using a pre-determined sequence of five energy levels between 5 J and 25 J. A portable X-ray system (Dicom Solutions, Irvine, CA, USA) was used to take images after each test. Fractures were assessed through image analysis, review of acoustic emission and strain gauge data, palpation, local dissection, and india ink staining when necessary. Testing at an impact site was halted once a fracture was identified or all energy levels had been tested. After testing on a specimen was completed, posttest series CT scans were performed. A post-test autopsy was conducted to fully document the extent of injury, if any.
During testing, the instrumented impactor was sampled at 100 kHz. Projectile exit velocity was measured using a photoelectric velocity measurement sensor (KME, Troy, MI, USA). Velocity and specimen-mounted sensors were sampled at 1 MHz using a Synergy Data Acquisition System (Hi-Techniques Inc, Madison, WI, USA). Two Phantom v9 cameras (Vision Research Inc, Wayne, NJ, USA) were used to capture high-speed video of each test. One camera was placed laterally, perpendicular to the flight of the projectile, while the other was suspended above the test chamber. High-speed video was collected at a rate of 2,000 frames-per-second.
Sensor data were analyzed using custom MATLAB (MathWorks, Natick, MA, USA) scripts. Projectile acceleration was filtered using a fourth order low-pass Butterworth filter with a 5,000 Hz cutoff frequency and used to calculate impact force based on Newton's second law (force = mass × acceleration). High-speed video was analyzed using TEMA Automotive (Image Systems Motion Analysis, Linkoping, Sweden).
RESULTS
Thirty-six impacts were conducted on three PMHS specimens (Table II) . Target impact energies ranged from 5 J to 25 J with velocities ranging from 8.84 m/s to 20.12 m/s. After test #32, the data acquisition system on-board the projectile stopped communicating with the laboratory computer. The remaining four test shots were conducted with a tethered projectile attached to the Synergy data acquisition system. Fractures were detected in specimen IBD001and IBD002. Impact energy, velocity, and force were recorded for each fracture (Table III) . No fractures were observed in specimen IBD009.
Post-test dissection confirmed and revealed the extent of the fractures. Specimen IBD001 was observed to have fractures of the left and right temporo-parietal regions caused by 10 J impacts. The left temporo-parietal bone presented with a linear 61 mm curvilinear fracture superior to and centering on the point of impact beginning in the frontal bone and ending in the squamous portion of the temporal bone ( Fig. 2A and B) . The right temporo-parietal bone presented a depressed, comminuted fracture approximately 38.1 mm in diameter ( Fig. 2C and D) . The fracture had stellate features centered on point of impact and involved the parietal, sphenoid, and temporal bones. Specimen IBD002 was observed to have fractured the left parietal bone at 20 J, while the right parietal fractured at 25 J. The left temporo-parietal region presented with a depressed comminuted fracture approximately 67 mm in diameter (Fig. 3A and  B) . The fracture had stellate features centered on point of impact and involved the parietal, sphenoid, and temporal bones including the tympanic portion of the temporal bone. The extent of the temporal bone fracture was not further examined within the ear canal due to the amount of tissue present, the nature of the existing fracture, and the possibility of causing further unintended damage. The right temporo-parietal region presented a comminuted fracture approximately 76 mm in diameter with curvilinear elements centered on the point of impact (Fig. 3C and D) . The fracture also involved the parietal, sphenoid, and temporal bones and included the tympanic portion of the temporal bone.
DISCUSSION
A total of 36 impact tests were conducted on three PMHS heads specimens using an impactor with a representative BFD signature. Each specimen was impacted on the frontal bone, and left/right temporo-parietal regions. Fractures were detected in two of the three specimens.
Specimen IBD001 and IBD002 both presented with fractures of the left and right temporo-parietal regions. The observed fractures in the current study were characterized as either depressed comminuted fractures with stellate features or curvilinear fractures. In the case of specimen IBD001, the left temporo-parietal region was not depressed; however, it was curvilinear in nature. The fracture in IBD001 is similar to the comminuted fracture in the right parietal bone of specimen IBD002 that presented with a series of curvilinear elements. No temporo-parietal fractures were detected in specimen IBD009. It is interesting to note here the involvement of the sphenoid bone in the fractures seen during the current test series. The sphenoid bone is an unpaired bone with a complex geometry that spans from side to side across the base of the skull. Five of the cranial nerves pass through this bone, and it houses the pituitary gland in the sella turcica. While protected by the temporal muscle, it is unclear what damage (if any) might occur in the soft tissue structures the sphenoid bone protects.
No frontal bone fractures were detected during the present study. The presence of fractures in the temporo-parietal region and not in the frontal bone under the same loading conditions might be due to the bone shape at each location. The frontal bone forms a curved dome, while the parietal bone is relatively flat. The shape of the frontal bone may allow for dissipation of the impact energy not capable in the flatter bones that cave inward. The frontal bone is a continuous bone structure whereas the impact location on the temporo-parietal region contains a number of sutures. Sutures are immovable fibrous joints that closely bind the bones of the skull together and may not provide the same strength as the frontal bone itself. Additionally during previous work investigating general frontal bone fracture tolerance, no fractures were recorded for impacts with less than 32 J of energy. 13 It is likely that the energy range for this test series was insufficient to cause fracture.
The fractures from the current study compared well with fractures reported in the literature. Raymond et al 9 reported six depressed comminuted fractures, and a single fracture curvilinear in nature while examining the effect of blunt ballistic impacts to the temporo-parietal region in 14 specimens. Sarron et al 4, 5 also reported depressed commuted fractures in dry skull BFD experiments in addition to "cupule fractures" similar to the curvilinear fracture detected in the current study. When compared to the work of Rafaels et al 7 and Bass et al 6 similar depressed fractures were seen at the point of impact; however, linear fractures were different. Rafaels et al 7 reported linear fractures distal to the point of impact, which are unlike the curvilinear fracture observed in the current study. There are several potential reasons for the difference in observed linear fractures-the most significant of which is the difference in impact location. Rafaels et al 7 impacts centered more on the parietal bone and less on the temporo-parietal region causing the impact location to be further posterior than in the current study. Additionally, differences in helmet materials could lead to different BFD profiles, the effect of which has yet to be quantified.
In the current study, temporo-parietal fractures were detected at energies ranging from 10.41 J to 24.43 J, with corresponding peak forces ranging from 5,129 N to 10,883 N (Mean: 7,995 ± 3,161 N). Biological differences between specimens (age, mass, skull thickness, soft tissue thickness) might account for the large energy and force ranges observed; however, the sample size in this study was too small to make that determination. When compared with the previous work, peak forces were in general slightly higher than those described by Raymond et al 9 (Range: 3,376-9,529 N; Mean 5633 ± 2095 N) during blunt ballistic impact to the temporo-parietal region. Interestingly peak forces compared well with those described by Yoganandan et al 14 (Range 5,556-9,918 N; Mean: 7,717 N) during investigations of lateral skull impacts on a flat surface.
Currently, further study is required to determine an appropriate frontal bone and temporo-parietal fracture tolerance due to BFD. While there exists a large volume of work that has been conducted on craniofacial trauma, especially in regards to automotive vehicle accidents, [13] [14] [15] [16] [17] [18] it is unclear how that translates to helmet BABT. The injury mechanics involved in BFD are drastically different than motor vehicle accidents (velocity, geometry, pulse durations, etc). Comparison of future BFD work to prior skull fracture tolerance literature would provide insight to the role that rate and geometry have on skull fracture patterns.
There are several limitations to the current study design. The developed impactor represents a constant geometry at the stand-off distance. An actual helmet would continue to deform past the stand-off distance and the BFD profile would likewise continue to change. While it has been reported that the majority of the BFD's available energy is dissipated before maximum deflection, 11 it is unknown how the change in geometry might affect injury patterns. Additionally, the current configuration for mounting the specimen in the test chamber used a mechanical neck and provided a rigid coupling that resulted in unexpected high frequency content in the specimen-mounted sensors. Future work should investigate alternative boundary conditions that would eliminate this artifact. The implementation of multiple tests at each anatomical site made it difficult to assess the extent of soft tissue damage during impact. If the skin at the impact site was observed though palpation to be flattened, it was assumed that the degraded skin could potentially change impact dynamics; therefore, the skin at the impact site was replaced, using skin taken from the specimen's neck. The replacement skin was assumed to be similar in composition and properties, however this was not verified. Additionally, impacts at similar or lower energy levels may have weakened the bone causing fracture at lower than expected energy levels. Finally, the low video capture speed in this study made it difficult to quantify the exact impact time, impact duration, and impactor deflection. This should be corrected in future testing to allow for the development of force deflection curves.
CONCLUSIONS
Initial research efforts have developed an instrumented impactor representative of helmet BFD capable of collecting engineering metrics at the BFD-head interface during a blunt impact event. Preliminary test results from the research have shown that a representative impactor can generate intended fracture patterns seen in the literature. Additional instrumented projectile impactors have been developed that vary geometric shapes across a range of impactor curvatures. The developed impactors can be used to generate medically based human skull fracture criteria for localized blunt impacts to the skull for use in assessing injuries from helmet BFD. 
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